Probing the Higgs Field Using Massive Particles as Sources and Detectors 
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In the Standard Model, all massive elementary particles acquire their masses by coupling to a 
background Higgs field with a non-zero vacuum expectation value. What is often overlooked is that 
each massive particle is also a source of the Higgs field. A given particle can in principle shift the 
mass of a neighboring particle. The mass shift effect goes beyond the usual perturbative Feynman 
diagram calculations which implicitly assume that the mass of each particle is rigidly fixed. Local 
mass shifts offer a unique handle on Higgs physics since they do not require the production of on- 
shell Higgs bosons. We provide theoretical estimates showing that the mass shift effect can be large 
and measurable, especially near pair threshold, at both the Tevatron and the LHC. 
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INTRODUCTION 

In the usual treatments of a Poincare invariant field 
theory, particles are labelled according to irreducible 
representations of the space-time symmetry group, and 
labelled according to values of two Casimir invariants 
which can be constructed from spin and mass . Within 
this framework, it is common practice in high energy 
physics to view the mass of a particle, just as its spin, 
as an intrinsic and immutable property completely unaf- 
fected by its surroundings. 

That being said, in the Standard Model |2| "mass" 
is more than just a representation label with no more 
dependence on any external fields than the spin of a par- 
ticle. In fact, all of the usual elementary fermions and 
bosons (except for the Higgs boson itself) are, in the ab- 
sence of interactions, massless. That is, there is no single 
non-dynamical parameter that appears as a mass term 
for any of the fermions or gauge bosons in the Stan- 
dard Model Lagrangian. Rather, there is an emergent 
mass through a coupling to a scalar field whose dynam- 
ics have been arranged for it to have a non-zero value 
which is independent of space and time (i.e. to preserve 
the Poincare symmetry of space-time). Couplings to this 
field, assumed constant in space and time due to the dy- 
namics of the theory, play the roles of masses. 

Of course actual experiments need not be Poincare in- 
variant, and in general the presence of an experimental 
setup will break this invariance. In condensed matter 
physics, one often needs to consider the effects of an en- 
vironment, and a new mass (shifted by electromagnetic 
interactions with matter, for example, and not necessar- 



ily even a scalar any longer) must often be introduced 
3], together with a different symmetry group. Even out- 
side bulk condensed matter, electromagnetic mass shifts 
are commonly introduced in the literature due either to 
external fields 0, or even to changes in the vacuum 
fluctuations due to boundaries Q. In nuclear physics 
similar phenomena occur. For example, a free neutron 
is unstable but, when bound to a proton in a deuteron, 
it becomes stable since it is then effectively too light to 
decay. In each case one can think of mass as being due 
to two parts: one somehow "intrinsic" and one due to 
interaction with an external field. 

As stated earlier, in the Standard Model [j| these ideas 
are taken to an extreme so that even in the vacuum all of 
the mass of the fermions and gauge bosons is due to in- 
teraction with an external field - the Higgs field - which is 
taken to have a non- vanishing vacuum expectation value. 

While for many applications the background Higgs 
field can be considered a space-time constant, the Stan- 
dard Model asserts that the Higgs field is a dynamical 
object. Indeed, if it were not, then there would be no 
way to tell that it exists at all! Approaches so far [t| to 
detecting the Higgs field have concentrated on looking for 
its quanta: Higgs bosons. One hope is that accelerators 
will have enough energy to produce a particle on shell, 
but so far all that has been done is to rule out a Higgs 
with a mass below 114.4 GeV/c 2 at 95 % confidence level. 

Another approach is to look for measurable quantities 
involving Higgs boson exchange between heavy particles 
that could reveal its existence via radiative corrections. A 
recent best fit result || from radiative corrections gives, 
with large errors, a Higgs mass of 168 GeV/c 2 for an as- 
sumed top quark mass of 178 GeV/c 2 , placing detection 
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of an on-shell Higgs boson likely out of reach of the Teva- 
tron at Fermilab and leaving its discovery to the LHC at 
CERN. The LEP Electroweak Working Group makes its 
most recent analyses of combined data available at 0. 
Their preferred value for the Higgs mass is 129 GeV/c 2 , 
with an experimental uncertainty of +74 and -49 GeV/c 2 
(at 68% confidence level, not including theoretical uncer- 
tainty). This rather large and asymmetric uncertainty is 
due to the fact that in typical radiative corrections the 
Higgs mass appears only logarithmically so in fact even 
quite high Higgs masses of hundreds of GeV/c 2 are not 
ruled out. 

Fortunately, the notion of a dynamical Higgs field leads 
one to another approach that has not yet been suggested 
to the best of our knowledge: to probe the Higgs field not 
directly in terms of its quanta, but rather as a field which 
changes masses. The field is sourced to a significant ex- 
tent by heavy particles (ones which couple strongly to 
the Higgs field) and the resulting source-modified Higgs 
field might then be detected by other heavy particles via 
induced mass shifts. 

The static Higgs field a at a spatial point r, <r(r), pro- 
duced by a particle of mass m fixed at rest on the coor- 
dinate origin is given by 



a(r) 
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where the vacuum expectation value of the Higgs field 
without the source is v = {(f)), the total Higgs field is 
<j) = v + a and m# is the Higgs mass. The rapid falloff 
with distance for a Higgs boson mass of a few hundred 
GeV/c 2 , together with the weakness of the Higgs cou- 
pling to all but the most massive particles makes it dif- 
ficult to suggest suitable laboratory experiments to ex- 
amine Higgs-induced mass shifts. One hopeful situation 
is the production of one massive particle together with 
a second massive particle. Let us consider this case in 
detail. 



THE MASS OF A PARTICLE IN THE 
PRESENCE OF ANOTHER 

The source of the Higgs field is the trace of the energy- 
pressure tensor which may be formally computed by dif- 
ferentiating the lagrangian density with respect to the 
elementary particle masses of the model 



T*Jx) = Tix) = 



dC(x) 
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(2) 



Thus, a fermionic or bosonic source of the Higgs field 
would have the form 



^(x) = ~c 2 mFtp(x)ip(x), 
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(3) 



For a classical particle with the proper time ac- 
tion ^classical = —mc 2 J dr, the lagrangian density 
^classical (x) = —mc 3 J 5{x — x(t)^oIt yields the classical 
source 



T, 



classical \ 



[x) = —mc? I 5[x — x(r))dr. 



(4) 



The idea now is very simple. Consider a massive parti- 
cle "1" of mass mi adjacent (in a space-time picture) to 
another particle "2" of mass m 2 . Here mi and m.2 refer 
to their masses in the usual sense of a Yukawa coupling 
times the background Higgs vacuum expectation value. 
The claim is that particle 1 will couple to the Higgs field 
produced by fermion 2 and have its mass shifted by an 
amount proportional to its own mass mi (its coupling 
to the Higgs fields) and also proportional to m 2 (the 
strength of particle 2's coupling to the Higgs field). The 
relevant Higgs mass shift coupling strength may be writ- 
ten 
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where Gf is the Fermi coupling strength. The relevant 
energy scale is {Tiv/c) « 246 GeV so that only heavy par- 
ticle pairs, e.g. W + W" , ZZ, or it, have an appreciable 
mutual coupling strength. 

It turns out that the mass shift is only weakly depen- 
dent on the Higgs particle mass in that the light cone sin- 
gularity of the Higgs propagator for neighboring events is 
mass independent. No real (on-shell) Higgs boson needs 
to be produced for the mass shift any more than a real 
photon needs to be produced to provoke an electromag- 
netic Lamb energy shift, or a real pion needs to be pro- 
duced to make a neutron in a deuteron stable. In detail, 
the propagator 

ik-(x-y) 
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(where Tin = mac) determines the Higgs field at particle 
2 due to particle 1 as given by 
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For example if particle 1 moves on a path xi(ri), then 
Eqs.QJ and 10 imply 
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If particle 2 moves on a path x% (T2), then the added 
action to particle 2 due to particle 1 is 

1 
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T 2 (x)a 2 (x)d x, 
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5*21 = a 2( X 2 ( T 2))dT 2 , 

&i = mi ™f /" J D(x 1 (n)-x 2 (T 2 ))dr 1 dr 2 .(9) 

Here it is of use to recall the Feynman -Wheeler formula- 
tion of electrodynamics in which the interaction between 
two point charges has the form 



£21 (photon) = 



eie 2 



Pi J Pi 



D^(xi-x 2 )[dx^dx 2 }. (10) 



Pi is the path of charge 1, P 2 is the path of charge 2 and 
D M „ is the photon propagator. The Higgs exchange ana- 
log to the Feynman- Wheeler interaction has been derived 
in Eq.Q; It is 
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To compute the mass shifts for the two particles due to 
their mutual interactions when mass toi travels on path 
P\ and mass m 2 travels along path P 2 one need only 
apply the rule 



5Re(S f 2i) = — c 2 Atoi / drr\ — —c 2 Am 2 / dr 2 



(12) 



In particular, the mass shift in particle 2 due to the Higgs 
field produced by particle 1 is given by 



Am 2 
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Suppose that particles 1 and 2 have the four momenta 
Pi = m\V\ and p 2 = m 2 v 2 (where v± and v 2 are four- 
velocities) and thus the invariant mass y/s as given by 



c 2 s 
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The real part of the Higgs propagator dteD(x — y) van- 
ishes if x and y are space-like separated. If x and y are 
not space-like separated, then $ieD(x~y) has two terms: 
(i) There is a light-cone singularity which is independent 
of the Higgs mass, (ii) There is a finite smooth portion 
which depends on the Higgs mass mjj = (Hk/c). In terms 
of the first order Bessel function Ji(£) we have 



dieD(x) = for space — like x >0 
1 
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x 2 < 0. (1.5) 



The light-cone singularity dominates the mass shift in 
Eq.(H2|). 

The proper time integral lasts (on average) as long as 
the particle life-time f dr 2 = T^ 1 so that the light-cone 
singularity approximation in Ea. (|13|l reads 
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S((vm - v 2 T 2 ) 2 )dndT 2 , (16) 

where 4ir$leD(xi — x 2 ) « 5{{xi — x 2 ) 2 ) has been invoked 
and, of course, (Ami/Ti) = (Am2/r2). The double in- 
tegral on the right hand side of Eq. (|16|) has a logarithmic 
singularity of the form 
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(17) 



The maximum and minimum proper times {r max and 
i~min) must now be estimated, but as they only appear 
logarithmically, our results depend only weakly on how 
this is done. The maximum proper time T max is deter- 
mined by particle life-times r max ~ T . The minimum 
proper time is determined by the duration of the classi- 
cal path viewpoint T m i n ~ (h/mc 2 ). We then estimate 
(Ami/Ti) as 
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In terms of the invariant mass y/s 1 Eq. (|18|) reads 
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Ea. (|19|) is the central theoretical result of this work. As 
can easily be seen, at least near threshold, the right hand 
side is the product of terms of order unity so the effect 
need not be small! 

An immediate consequence of the predicted mass shifts 
is, of course, also a change in widths. To a good leading 
approximation, most heavy particles of interest such as 
t, W, Z decay mainly into two bodies. In these cases 
the phase space is proportional to the 3-momenta of the 
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outgoing particles. As is well-known, this is proportional 
to \J \{m A , rn 2 B , fnc) l m A where A represents the heavy 
particle, B and C its decay products, and X(x,y, z) — 
x 2 + y 2 + z 2 — 2xy — 2yz — 2zx. In most cases (the main 
exception being t — > Wb) the outgoing particles can be 
considered almost massless and the width of a Z or W is 
proportional to its mass. In either case, the change Ar 
in width T is easily obtained and seen to be large, i.e. 
(AT/r) « (AM/M). 

EXPERIMENTAL COMMENTS 

The key experimental message that we wish to com- 
municate in this paper is that if one is to produce heavy 
particles (where "heavy" means with mass not small com- 
pared to 246 GeV/c 2 ) in conjunction with other heavy 
particles, there is good information in the measured dis- 
tribution of masses and widths as a function of relative 
velocities (or center of mass energy) as these need not 
be the same as one would expect from single production. 
This gives information on the structure of the Higgs field 
produced by heavy particles even if there is not enough 
energy to produce an on-shell Higgs boson. In particular, 
this means that kinematical fits using as input masses 
obtained from other experiments, where heavy particles 
are singly produced, should not be done without great 
care. It also means that mass cuts and other kinemati- 
cal cuts obtained from experiments where heavy particles 
are singly produced, are not necessarily reliable if other 
heavy particles are produced in association. 

A concrete example of how data might be approached 
is perhaps in order. Suppose one is looking at the pro- 
duction of Z-boson pairs. We take this example since 
the many other concerns about final state interactions 
can be neglected: there are no one-gluon or one- pho ton 
exchange potentials and Yukawa potential effects [lfj . If 
each Z boson decays into e + e~ or one has access to 

the full kinematics in a rather clean environment. With 
the invariant masses of e + e~ and fi + fi~ plotted as a func- 
tion of relative velocity or center of mass energy between 
the Z's, and with enough statistics, the predicted mass 
shift could be detectable. 

Even in the absence of a more reliable theoretical es- 
timate of all factors involved at this moment, the data 
are certainly worth looking at with an open mind (and 
relaxed cuts and no kinematical mass fits). 

There are several processes that can be investigated ex- 
perimentally and that have the potential to see the effect 
described in this paper. These are Z°Z° versus single Z° 
production, W + W~ versus single production and ft 
versus single t production. In addition, a measurement 
of the mass of these particles near pair threshold can be 
compared to the mass when the particles are far from 



pair threshold. 

The mass of the Z"°-boson has been determined very 

precisely at LEP1 [UEEE! y ieldin S the result El 
M z = 91.1876 ± 0.0021 GeV/c 2 . These are all measure- 
ments made at the Z° pole. All four LEP experiments 
saw clear Z° signals at LEP2, but none made a separate 
Z mass determination lia, |l7 l Il8t Il9 i . All four experi- 
ments are consistent with Mz being independent of pro- 
duction mechanism (with an uncertainty of < 1%); it is 
clear from the cross-section data that the Z°Z° threshold 
is close to 180 GeV. 

The mass of the W ± -boson has been determined quite 
precisely at LEP2 [U |U |H ^ and at the Tevatron 
collider [3 • The average of all these measurements 
dEI gives M w = 80.425 ± 0.034 GeV/c 2 . 

In addition, indirect determinations of the W mass 
have been made. One of these is from a careful measure- 
ment of sin 2 9w by the NuTeV collaboration [26J and, 
assuming the value of Mz from LEP1, gives Mw = 
80.136 ± 0.084 GeV/c 2 . The LEP Electroweak Work- 
ing Group has also determined Mw from a global stan- 
dard model fit to the SLD data, LEP1 data and the best 
measurement of Mt ||. They quote Mw = 80.373 ± 
0.023 GeV/c 2 . 

The t mass has been determined by CDF j2^| and D0 
[28| and the combined average value at the time of writ- 
ing is to* = 172.7 ± 2.9 GeV/c 2 . The t's are pre- 
sumably produced in pairs. There is no determination 
to date of mt in an environment where the t is produced 
alone, although such a measurement is important because 
the i-quark could potentially provide the most sensitive 
probe of the Higgs field. The current status of top quark 
measurements from the Tevatron Electroweak Working 
Group can be found at 30] . It would be interesting to 
investigate very carefully the events where the tt effective 
mass is close to threshold. 

While the data published to date do not contain 
enough information on the event kinematics in order to 
establish the effect we describe here, we hope that this 
paper will stimulate further analyses. In particular, it 
makes sense to study the masses determined for parti- 
cles produced in pairs near and far from threshold, or 
even better, as a function of center-of-mass energy. Sin- 
gle production and pair production well above threshold 
should give masses in good agreement with each other, 
and corresponding to the usual notion of the "mass" of 
a particle. Masses obtained from pairs near threshold 
could be significantly lower. 

Of course there is always danger in attempting to re- 
analyse or reinterpret published data in light of a new 
way of thinking about the analysis, and references here 
to published data are meant only to describe the cur- 
rent state of the art and not to claim evidence for or 
against the predicted effect. Data are always analysed 
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with certain theoretical expectations in place and they 
can affect published results in ways that are impossible 
to judge without access to the original data. For exam- 
ple, one might well reject candidate Z°Z° events on the 
basis of a low reconstructed Z mass relative to expec- 
tations from singly-produced Z bosons at LEP, while in 
fact such events could show evidence for a Higgs-induced 
mass reduction! These considerations are of even greater 
importance for heavier particles such as the top quark 
and anything still heavier but not yet discovered that 
might be produced at future accelerators. 

A NOTE ON MACH'S PRINCIPLE 

Finally, it is interesting to note the distinctly Machian 
nature of this result: the mass of a particle is due, at least 
in part, to its interactions with all other particles. This 
reflects a greater de gree of background independence of 
the Standard Model [31| than is usually considered, since 
not only the background Higgs field but in fact all the lo- 
cal masses are to some extent dynamically determined. 
The fact that masses are reduced due to interactions with 
a scalar (and thus attractive) field produced by surround- 
ing particles would seem, however, to offer little hope for 
a Machian picture of a scalar interaction being respon- 
sible for the inertial mass of an object which would be 
thought of as intertialess in an empty universe. A similar 
conclusion might seem to follow for the attractive spin- 
2 force associated with gravitation, however this line of 
reasoning lies firmly within linearised general relativity 
and requires more careful consideration. 

CONCLUSIONS 

The Standard Model predicts that particles not only 
obtain their masses from coupling to a background Higgs 
field, but that they themselves are the sources of a Higgs 
field which can modify the masses of nearby particles. 
While a full calculation contains many subtleties, its sign 
is unambiguous, and reasonable estimates of the effect in 
the production of pairs of heavy particles are that the 
effect can be very large, especially near threshold. An 
additional feature of the effect which is quite appealing 
in terms of whether the Higgs mechanism is indeed re- 
sponsible for mass or not is that the predicted effect, 
at least close to threshold in pair production, is largely 
independent of Higgs mass. In other words, failure to 
observe the effect could rule out a Higgs boson of any 
mass at all, even well-beyond the reach of the LHC after 
many years of running. On the other hand, observation 
of the effect would lend strong direct experimental sup- 
port to the existence of a Higgs boson while leaving its 



actual mass largely undetermined without a careful study 
of the center-of-mass energy dependence of the effect. 

While completely within the Standard Model, this new 
effect is beyond the usual perturbative Feynman diagram 
calculations and thus, although straightforward physi- 
cally, seems to have escaped notice so far. The 
and Z° bosons have both been observed in environments 
where they are produced singly or in pairs and could of- 
fer some information on the Higgs sector of the Standard 
Model of a nature different from direct searches for on- 
shell particles and radiative corrections assuming fixed 
particle masses. Future analyses with top quarks offer 
even more information. 

Experimental analyses invariably make assumptions 
about the nature of what is being observed. Now that the 
case has been made that masses - until now thought to 
be independent of production mechanism - may in fact 
vary, the possibility of new information from old data be- 
gins to open up. One simple fact which already may be 
in conflict with published data so far, albeit at low statis- 
tical significance, is that on general grounds, one expects 
that heavy particles produced in pairs will be less massive 
than ones which are singly produced. Just how much, of 
course, depends on kinematical details which are not easy 
to extract from published data. 

The experimental situation is both tantalizing in light 
of data which exist now, and very promising with the ex- 
pectation of more relevant data both from the Tevatron 
and the LHC. Of course a high luminosity linear col- 
lider which could scan the energy regions of interest near 
threshold for pair production of various heavy particles 
would also be of great interest. 
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